Monte carlo-based comprehensive assessment of PV hosting capacity and energy storage impact in realistic finnish low-voltage networks Abstract: The direction taken towards sustainable power system and renewable energy generation is now irreversible. The power grid needs to host more renewable energy sources, such as solar power, and tackle power quality problems that come along with it. In this paper, firstly, the Hosting Capacities (HCs), of Photo-Voltaic (PV), were found for various regions and their limiting constraints were defined. Afterwards, comparison was made with the HC values obtained for different voltage value standards defined by various countries. Next, single-phase PV connection percentages in the network were defined that makes the voltage unbalance the limiting factor for HC. Lastly, the HC of the solar generation coupled with a Battery Energy Storage System (BESS) was assessed for the Finnish Low-Voltage (LV) grids. Different BESS-based scenarios were employed and their impact on voltage unbalance and HCs were observed. Finally, also the load voltage unbalance was incorporated to make the approach realistic and its impact on HC was analyzed. Results reveal that, depending on the connection strategy, the BESS can increase as well as decrease the HC based on voltage unbalance criteria. However, the load voltage unbalance has little effect on the solar HC values.
Introduction
Increasing penetration of Photo-Voltaic (PV) in the distribution system, throughout Europe, requires a complete review of the technical constraints of the network. Mainly, the constraints are dependent on the type of PV system connection at the customer vicinity. It can be three-phase or single-phase dependent on the capacity of the PV system and the point of integration. In Europe, the distribution of PVs among Low-Voltage (LV) networks made up 70% of the total integrated capacity of the power system [1] . The introduction of PVs in the LV networks has reformed the normal power flow scenario and it occasionally flows upstream, during high renewable generation periods.
Most utilities tend to have a general review of network constraints occasionally, to keep themselves up to date with the changing requirements of the network. Voltage rise is a common problem associated with PV integration in LV networks [2] . Moreover, voltage imbalance arises from the random phase connections of the single-phase PVs [3] that are very common in LV networks. Transformer and cable sizing also changes with the load demand and distributed generation capacity. Maximum PV capacity integration in the LV network, without the network's constraints violation, is termed as Hosting Capacity (HC). HC studies quantify the bottleneck of distributed generation integration compared with the network constraints.
Various studies have been conducted for determining the HCs of distribution networks, utilizing various performance indices as the deciding criteria. In the studies conducted in [4, 5] , voltage violation criterion was considered as the HC defining index. In these studies, PVs were attached at the beginning and the end of the network that is not realistic. Moreover, the conductor's thermal limits and transformer capacity were the HC limiter in [6, 7] , respectively. In [8] , voltage unbalance is the constraint utilized for HC definition. Versatilities of size and location of PV are modelled by conducting Monte Carlo (MC)-based studies in [9] [10] [11] . In [9] , HC is measured utilizing the multi-scenario approach, for instance variable positioning of the PVs along the feeder, different power factor of the inverters etc. In addition to the various performance indices, different geographic locations and scenarios were considered, for instance rural, intermediate and urban regions, in [10] and [11] . Moreover, in [11] , a 100% single-phase scenario of PV connection is depicted by making connections to only one phase rather than randomly dividing it among the three phases. It simulates the worst-case scenario but is different from the normal practices of PV integration. Thus, an approach should be deigned that replicates the realistic model of PV integration in the LV network.
The stochastic framework is a comprehensive way to evaluate the hosting capacity of the PVs. The MC-based models are advantageous over deterministic calculations due to their faster calculation speed. Many MC runs can be simulated faster than all possible combinations of input variables in a deterministic approach. In fact, the random values of the input variables can be utilized in MC simulations, which fits some values that are probabilistic in their nature (e.g., solar irradiance). However, the probability distributions of the input variables should be carefully chosen in order to represent the real life cases. Finally, the results of MC simulations can be analyzed by means of statistical methods and HC value can be found with respect to the risk level that the grid is willing to tolerate.
In literature, a comprehensive analysis was conducted in [12] where several influence factors were considered such as background voltage unbalance, solar inverter penetration level and inverter size affecting the voltage unbalance. The results of stochastic voltage unbalance assessment were compared with the deterministic voltage unbalance calculation and the results of stochastic assessment demonstrated bigger flexibility in results analysis. It was shown that connecting a solar inverter to the phase with lowest phase voltage can have good impact on the voltage unbalance mitigation. However, having Battery Energy Storage System (BESS) and load voltage unbalance can change the voltage magnitudes over time and, eventually, PV would need to be constantly switched to the phase with lowest voltage level.
The BESS has a significant influence on distribution grid operation. It participates in demand response and affects the power quality in the grid. While saving the excess energy during high generation hours, it provides the energy for the grid during high demand. The BESS is an important part of the grid of the future with high renewable energy penetration levels and will be more commonly installed in households, as the price of the batteries decreases gradually.
Various studies have been conducted assessing the impact of the batteries on the voltage unbalance in [13] [14] [15] . In [13] , the single-phase BESS was connected to a grid with single-phase solar and wind generators. The voltage unbalance, caused by the load, was also considered and the voltage unbalance resulting from several sources was analyzed. The study shows that the BESS can reduce voltage unbalance levels by shaving the demand peaks; however, it strongly depends on the phase in which the BESS is connected. In [14] , a battery-power-flow control algorithm is employed with BESS inverter that injects real and reactive power to the grid in order to mitigate the voltage unbalance and network losses. It was demonstrated that having BESS in the same phase as PV can reduce the voltage unbalance significantly. In [15] two more BESS were added to the grid-BESS for every phase. The fuzzy controller was then utilized to control the three BESS to mitigate the voltage unbalance and keep voltage levels within acceptable limits.
It can be concluded that single-phase BESS has bigger impact on power quality parameters rather than three-phase BESS. The single-phase BESS, as well as PV, injects the imbalanced current to a grid causing the voltage unbalance and sets restrictions on the penetration level. On the other hand, it is cheaper and easier to install in a household due to its smaller size. The three-phase BESSs are more expensive but allow connecting higher number of PVs to a grid without disturbing the current balance in the three-phase system.
The study presented in this paper simulates the more realistic approach to randomly distributed PVs, among the nodes and phases of the network, to evaluate the HCs and limiting constraints of various scenarios. The main idea of this study is to assess HC of PVs in a Finnish distribution grid with respect to added BESS and load voltage unbalance. The study is relevant to other North European countries with sparsely populated areas. Moreover, it compares the MC simulations-based HC values of the LV networks (formulated in [11] ), with different voltage limits as described by various countries with the standard EN 50160 [16] i.e., ±10% voltage change from the nominal. The considered voltage bands are ±5% and − 5/+ 3% (German standard [17] ). Furthermore, the transformer capacity is taken as a reference for measuring the HCs of the networks.
Firstly, the HC of the various LV networks were defined based on the limiting constraints on each scenario. The PV attachment scenarios considered were balanced (three-phase) and unbalanced (single-phase). Once the limiting constraints were defined, the scenarios in which the voltage unbalance was the limiting factor (in the unbalanced PV case), were further investigated to quantify the percentage of balanced and unbalanced PVs were not violating the voltage unbalance limit i.e., 2% of negative sequence voltage. Secondly, the battery is employed with the PV systems for the maximal use of generation by self-consumption of the customer and its effect on HC was studied. Only the single-phase PV owners were assumed to have BESS installed. Furthermore, several scenarios were investigated, such as:
PV and BESS on random phases 2.
PV and BESS on same phase 3.
Addition of load unbalance to the scenario 2
The effect of each scenario on the voltage unbalance criteria and network's HC was then measured. In case 3, load unbalance was incorporated to make the simulations more realistic. The load unbalance value used was based on measured voltage unbalance data of a single household in Finland.
Source Data

Test Networks and Limiting Constraints
For the determination of HC, this study utilizes Finnish LV networks, formulated in [11] . Networks were constructed while considering voltage drop and current loading as the deciding factors, as they signify the length of the network. Moreover, transformer capacity defined the number of feeders considered for each type of network. Three Medium Voltage (MV) change scenarios (0%, ±5%) were considered and for each case different networks were developed that fully utilize the network limits without violating the constraints. The constraints of the network considered were:
Load flow convergence violation (E1) 2.
Under-voltage (E2) 3.
Over-voltage (E3) 4.
Negative-Sequence-Voltage unbalance (E4) 5.
Cable ampacity violation (E5) 6.
Neutral-wire ampacity violation (E6) 7.
Transformer capacity exceeded (E7)
In the defined constraints, voltage violations (E2, E3) are related to the standard EN50160 i.e., U n ± 10% and the ampacity violations are based on the current ratings of the cables.
Moreover, customer's data utilized was of three different types, divided based on heating modes and the percentage division is presented in Table A1 . The regions are Predominantly Rural (PR), Intermediate (IN) and Predominantly Urban (PU). Moreover, LV grid parameters utilized are presented in Table A2 . The formulated networks and their limiting constraints that will be utilized for further investigation of HC are defined in Table 1 . 
Solar and BESS Power Variation Data
The solar power data used in this research is based on [18] . A one-year solar power curve was modelled of a solar array located in Helsinki area, Finland. Panels are tilted at 45 • and are oriented to the south. To define the maximum PV hosting capacity, the PV generation pattern follows the theoretical maximum of solar generation, neglecting the possible weather conditions hindering solar irradiation. The BESS is assumed as single-phase home battery, Tesla Powerwall 2 that has robust environmental specifications, which makes it a viable option for a household. The power curves are found by subtracting solar power generated and load demand at the same node.
Load Unbalance Data
Load voltage unbalance data utilized is measured on a single household in Finland. The measured data is processed to get a lognormal distribution function. Later, the magnitude of the voltage unbalance is sampled from the distribution function and the angle of the unbalance is sampled between phases a, b and c with uniform probability. The mean and standard deviation of the corresponding normal distribution are µ = − = 0.39. The probability density function and the cumulative distribution function of the load voltage unbalance is depicted in Figure 1 .
Analysis Methodology for PV Hosting Capacity Determination
Worst Case Hours for PV-Only Strategy
In this paper, PV hosting capacity is defined as the ratio of total PV generation of the LV network to the respective feeding transformer capacity. In [11] , maximum network load was used for scaling HC rather than transformer capacity. In that case, HC varies with the varying peak load of the network. As the network nodes differ based on MV change value (±5%, 0%), HC values calculated this way will be dependent on the network nodes, in turn on its peak load. However, if transformer capacity is taken as a reference all the HCs for a particular region are easily comparable. For HC determination, MC simulations are based on worst-case hours, instead of all the 8760 hourly data sets. The data sets having large PV generation and minimum loading, located in the top left corner of the convex hull, are considered, as shown in Figure 2 . 
Worst Case Hours with BESS
Predominantly, residential areas may have single-phase PV connections. As the single-phase connections are the primary reason for the voltage unbalance introduction, different BESS connection strategies can be utilized to achieve higher HCs in case of higher unbalanced PV penetrations.
In cases with BESS connected to the grid, the worst-case hours are chosen from the region as shown in Figure 3 . A graph is plotted between the maximum PV generation of the network and battery capacity for all hours of a whole year. BESS power is positive when PV generation is bigger than load and charging. On the contrary, BESS power is negative while it is feeding the load. The maximum power of BESS is limited though by the rated power shown in the data sheet [19] . To show the biggest possible impact of the BESS at every possible instant, the storage capacity is neglected. The top right corner of the plot represents the worst case hours for the BESS connected scenario, as the power flows of PV and BESS are the biggest. Both of the devices are active simultaneously and represent full contribution to the HC. The bottom-left corner of the plot is neglected due to the fact that these hours represent dark time of a year during winter, when PV generation is at zero and high household heating demand is present. 
In cases with BESS connected to the grid, the worst-case hours are chosen from the region as shown in Figure 3 . A graph is plotted between the maximum PV generation of the network and battery capacity for all hours of a whole year. BESS power is positive when PV generation is bigger than load and charging. On the contrary, BESS power is negative while it is feeding the load. The maximum power of BESS is limited though by the rated power shown in the data sheet [19] . To show the biggest possible impact of the BESS at every possible instant, the storage capacity is neglected. The top right corner of the plot represents the worst case hours for the BESS connected scenario, as the power flows of PV and BESS are the biggest. Both of the devices are active simultaneously and represent full contribution to the HC. The bottom-left corner of the plot is neglected due to the fact that these hours represent dark time of a year during winter, when PV generation is at zero and high household heating demand is present. Figure 4 depicts, different stages involved in the MC-based HC determination algorithm. Stage 1 defines the network parameters based on the type of network chosen. Once the specific network is determined, stage 2 commences with the definition of loading scenario and worst case data sets. Loading scenarios are based on the probabilities of different types of customers based on the region. As the region changes, the load probability of households varies and the loading profile of the whole network changes. Thus, worst-case hours differ from one region to another, as they are dependent on the loading scenarios. There are 1000 iterations of stage 2 and in each iteration, different loading scenarios are considered dependent on the regions' loading probability that in turn modifies the worst-case hour datasets. Once the small set of worst-case hours is selected, stage 3 iterates 10 times while randomly selecting values from the worst-case hours. Lastly, load flow is computed for the predefined network, and the constraints violations are determined. PV size is incremented in every stage 1 iteration, until the violations exceed 2.5% of the total number of iterations. As the region changes, the load probability of households varies and the loading profile of the whole network changes. Thus, worst-case hours differ from one region to another, as they are dependent on the loading scenarios. There are 1000 iterations of stage 2 and in each iteration, different loading scenarios are considered dependent on the regions' loading probability that in turn modifies the worst-case hour datasets. Once the small set of worst-case hours is selected, stage 3 iterates 10 times while randomly selecting values from the worst-case hours. Lastly, load flow is computed for the predefined network, and the constraints violations are determined. PV size is incremented in every stage 1 iteration, until the violations exceed 2.5% of the total number of iterations. 
Monte-Carlo Based Algorithm
Case Studies and Results
This section evaluates the limiting constraints for Finnish LV networks. HC is computed for all the grids based on the geographically distinct regions. The mean value of HC capacity corresponding to the 2.5% limit violation probability and its limitations are computed for: In all the cases, limiting constraints will be the same as discussed in Section 2, except the voltage violation limits. The limits of E2 and E3 will be modified based on different country-based standards for comparison case study.
Base Case: ∆ = ±10% ( 50160)
Two different sets of MC simulations are conducted for the base case in which voltage violation band is according to standard EN 50160 i.e., ±10% of the nominal voltage. For balanced feed in case, transformer loading is the main issue in most of the scenarios. In PR region, 0% and 5% MV change simulations, over voltage (E3) is the limiting factor, while in PU region; cable ampacity (E5) is limiting 
Case Studies and Results
Base Case: ∆U = ±10%(Standard EN 50160)
Two different sets of MC simulations are conducted for the base case in which voltage violation band is according to standard EN 50160 i.e., ±10% of the nominal voltage. For balanced feed in case, transformer loading is the main issue in most of the scenarios. In PR region, 0% and 5% MV change simulations, over voltage (E3) is the limiting factor, while in PU region; cable ampacity (E5) is limiting the maximum HC capability of the −5% MV change case network. However, in the unbalance feed in case, PR and IN region networks has negative sequence voltage unbalance (E4) as the limiting constraint. In PU region, neutral-wire ampacity (E6) is the primary issue and E4 is the secondary concern. Furthermore, largest HC reduction is observed in the PR region in case of unbalanced PV connections. All the limiting constraints and mean HCs of different cases under consideration are presented in Table 2 . All the constraints defined in Section 2 remain more or less the same for different countries' standards, except the voltage violation band. Therefore, a new set of simulations was conducted for varying voltage violation bands and its effects on the limiting constraints and mean HCs for different cases were observed. Moreover, only the 0% MV case is simulated, as LV transformer, in most of the cases, is not equipped with the on-load tap changers. The simulation results show that the HCs of IN and PU region are not affected by the change in the voltage violation band as they are limited by the transformer capacity (E7) in balanced PV input scenarios.
The changes in the HCs and the limiting constraints are observed only in the PR region, where the over voltage is the limiting factor for all the voltage bands employed in the balanced feed in case. The HCs are also reduced significantly, in balanced feed in case of PR region; it is reduced to half in ±5% ∆U case and to one third in − 5/+ 3% ∆U case. Furthermore, in single-phase scenarios, HCs do not change much in different regions, but the over-voltage is the primary concern in German LV standard constraints for PR and PU regions. While, for IN region voltage unbalance remains the primary limiting constraint. The observed results are presented in Table 3 . Table 4 presents the changing HCs of different regions and their changing constraints with the introduction of unbalanced PVs in the network. The results observed showed that in 0% MV Drop, in PR region, 10% single-phase PVs will shift the limiting constraint from over-voltage to voltage unbalance and for IN region 25% unbalanced PV will cause the voltage unbalance in the system. The PU region has the E6 as the primary limiting constraint, so that region is not included in this study. The results for the +5 and −5% MV changes scenarios with the varying unbalanced PV connections are presented in Table 4 . The Normal trend depicts that as the single-phase PV are increasing in the network HC is decreasing and the limiting constraint is shifting towards E4. 
Case IV: Different BESS Connection Strategies
This section simulation analyzed the effects of BESS introduction in the network on case respective HCs. BESS can have big impact on the HC due to the peak shaving of the PV generation. On the other hand, solar HC can reduce significantly due to the imbalanced current of the BESS being injected to the grid. Simulation results of 0% MV drop scenario, for all the different regions and cases, are presented in Table 5 . In this scenario, BESS is attached randomly among phases and there is no coordination between the PV and BESS attachment to the phase. Every phase has equal probability to be chosen for BESS as well as for PV. However, only those nodes are considered for BESS attachment, which have a single-phase PV attached. The results showed that HC falls drastically by having PV and BESS at random phases. In the PR region, the HC is around 23%, having almost triple fall at 5/95 single/three-phase PV ratio. In the IN region, the HC falls from 110% to 81% at 10/90 PV ratio. The E4 becomes the primary limiting constraint of HC as the voltage unbalance increases with the random BESS connections.
Case B: BESS on Same Phase as Single-Phase PV
In case B, the BESS is connected to the same phase as the single-phase PV. In this strategy, the excessive PV generation will be absorbed by the BESS through the same phase wire, reducing the imbalanced current flow in the nodes of the grid. The simulation results show the biggest potential in increasing the solar HC. Due to the voltage unbalance decrease in the PR region, the share of single-phase PVs has risen from 5% to 50% without violating E4 limit. In the IN region, the voltage unbalance level has fallen to the levels, where 70/30 single/three-phase PV share is possible without violating E4 constraint.
Case C: Load Unbalance Consideration
In case C, the voltage unbalance caused by the load is added to the calculated voltage unbalance due to single-phase PV connections. This case represents the realistic LV network scenario, where the loads are connected to different phases, causing unbalanced current flows. In this case, the BESSs are assumed to be connected to the same phase with PV as in Case B. The results reveal that the voltage unbalance applies bigger hindrance to the HC levels; HCs are slightly decreased compared with case B. In PR region, the HC due to the E4 has fallen from 50/50 to 30/70 single/three-phase PV ratio. The HC value has fallen slightly as well from 115% to 111% at 50/50 PV ratio. In the IN region, the PV ratio remains the same. However, the HC value falls from 170% to 164% at 80/20 PV ratio.
Discussion
Monte-Carlo Simulations
The number of iterations considered, for each stage, defines the success probability of MC-based methodology. The small number of stage 2 iterations will lead to the high variation in the HC values yielded by the proposed method. Moreover, the large number of iterations will consume excessive computational time to converge to a solution that can be obtained with fewer iterations. For instance, various simulations utilizing 100 iterations for second stage have standard deviation value of 0.9039. However, for 500 and 1000 iterations variance in the computed values are 0.8815 and 0.0139, respectively (results are for PR region at 0% MV change scenario and utilizing case C). Thus, these small deviations from the mean result will lead to the wrong findings about constraint violations and HC values, when more than one constraints are violating and margin among them for the decision of primary violated constraint is very small.
However, for the third stage of the algorithm, the small number of iterations are utilized as the number of worst-case hours found are small (right part of Figures 2 and 3) . If the large number of iterations are done, the result will be based on the recurring values employed for the MC simulation of HC determination. Hence, the large number of third stage iterations leads to excessive computations, without affecting the final result.
Grid Topologies Comparison
The grid topologies used are different based on the MV change scenarios (number of nodes are different), as defined in Table 1 . Loading nodes will have an effect on the HC value of a particular region scenario and MV changes (0%, +5% and −5%). The MV voltage level propagates downstream to customers and affecting its voltage levels. However, the customer acceptable voltage levels remain the same. For instance, the +5% MV voltage changes leave less margin for overvoltage as the HC is limited by the upper voltage limit. The −5% voltage change leaves more headroom for voltage rise.
Moreover, the grid topologies of the PR region utilized are weak grids, which accounts for the drastic HC changes. Small introduction of single phase PV will greatly reduce the HC and change the limiting constraint to E4. In contrast, in the IN region, the single-phase PV inclusion is greater than the PR region for all the MV change scenarios compared with the PR region.
Cases Comparison
HCs for all the MV change values for different cases and regions (PR, IN) are presented by the bar graphs of Figures 5 and 6 . In PR region, when case A is implemented, E4 (voltage unbalance) is limiting the HC even at 5% of the single-phase PV connections for all the MV change scenarios. BESS random connection among the phases increases the voltage unbalance and the HCs' are close to 20% for all the simulated scenarios. Nevertheless, in case B, as the battery is attached to the same phase as the PV, the HCs are drastically increased. The single-phase PV percentage rises to 60%, 20% and 100% for 0%, −5% and +5% MV change cases, respectively. The largest increment in HC is seen in the +5% case, in which the HC is quadrupled. In case C, the load unbalance is also incorporated, which in theory should reduce the HCs for the E4-dependent scenarios. The single-phase PV connections reduction in 0% MV change case is 15% and 5% for the ±5% MV change scenarios. With the increased voltage unbalance, E4 is violated earlier than in case B, lesser unbalanced PVs will lead to the increased HCs. Nevertheless, in +5% MV change scenario, HC is decreased irrespective of the reduced percentage of unbalanced PVs. This signifies that the unbalance increment, due to the load unbalance addition, is larger than the unbalance reduction due to 5% increment in the balanced PVs.
For the IN region, the similar trend as the PR region is observed. For case A, 5% unbalanced PV connection in the network are suffice for E4 violations. Moreover, the case B implementation increases the unbalanced PV percentages to 80%, 65% and 90% for 0%, −5% and +5% MV change cases, respectively. Lastly, for the case C, HCs are slightly reduced due to load unbalance incorporation.
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Conclusions
A Monte-Carlo-based study was conducted to quantify the effect of different voltage standards and BESS employment to the HC of the LV networks. Moreover, the percentage of unbalanced PV inclusion in the network was assessed for different regions and varying scenarios.
Firstly, the HCs of the various region-dependent networks and their limiting constraints were assessed for the standard EN 50160. Afterwards, it was compared with the different countrydependent voltage standards. The result indicates that, for balanced PVs, as the voltage limit was made stricter, the constraint limiting the HC in PR region was shifting towards E3 (Overvoltage) and HCs were also drastically decreased. However, for IN and PU region E7 (Transformer capacity) remains the limiting factor for networks' HCs. However, for unbalanced PV cases, all the HCs and limiting constraints remain the same for different voltage band limits i.e., E4 (voltage unbalance), except for the German LV standard where the limit change to E3 and HC was also slightly decreased.
Secondly, unbalanced PV percentage inclusion was computed, and different BESS connections were assessed for their impact on the HCs and voltage unbalance reduction. As for single-phase percentage inclusion, in PR region, −5% and 0% MV change scenarios can have up to 10% unbalanced PV connections. However, in +5% MV change case, up to 90% of single PV connections can be tolerated without voltage unbalance as the limiting factor of HC. As for the IN region, for all the MV cases, the limit of unbalanced PV is less than 30%.
Lastly, BESS cases were studied, and the results signify that if the BESS was randomly distributed among the phases, unbalance increases, and HCs were greatly reduced for PR region. However, in the IN region the decrement in HCs is not very abrupt. Moreover, single-phase PV connection percentage is also restricted to 5% of the total PV inclusion for all the simulated cases dependent on regions and MV changes. However, as the BESS is employed on the same phase as the single-phase PV, the HCs mount to a rather greater value than the case that employs PV-only strategy. Moreover, load unbalance is also incorporated in the last case that signifies that PR region was more inclined to show changes in the single-phase PV percentage reduction with the increased unbalanced introduced by the load unbalance. Nevertheless, in IN region, the percentage remains the same, yet the HCs were decreased slightly.
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